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Abstract
Perhaps the most used approach for vibration-based instantaneous angular speed estimation is based on
phase demodulation of a shaft-speed related harmonic. While this approach can deliver very accurate IAS
estimations in cases where such a single, constantly present, and dominant harmonic is existing, there are
ample cases where this approach has its limitations regarding applicability. In complex rotating systems, the
harmonics are not necessarily all harmonically related, causing crossing orders and skewing the extracted
instantaneous phase. Additionally, such systems often operate in strongly varying conditions which can
cause harmonics to fade into the noise. In order to more adequately utilize the amount of information
contained within the vibration signal, this paper proposes the use of a demodulation method that jointly
exploits multiple harmonics instead of only one. The proposed approach takes advantage of the multitude
of harmonics typically present in physical systems and promises to be more robust to changing operating
conditions.

1 Introduction

Nowadays, vibration analysis has become one of the primary tools in condition monitoring of rotating ma-
chinery. While the implementation of monitoring and diagnosis schemes is advancing [1, 2], there are still
major scientific improvements to be made for it to evolve into a fully mature technology. Many analyses
are currently still being done manually by a domain expert and often the available knowledge with which
decisions regarding maintenance are made, is far from complete. Therefore, understanding the machine and
component behavior is essential to advance the signal processing and data analysis methodologies used in
condition monitoring. One of the problems that has received a lot of attention over the past two decades
is the presence of speed variation in measured vibration signals. The importance of an accurate speed esti-
mation scheme is underlined by the existence of a special issue on Instantaneous Angular Speed processing
and angular applications in MSSP [3] and of a conference dedicated solely to condition monitoring in non-
stationary operations. This paper focuses on estimating the IAS based on the information contained within
the vibration signal. While it is possible to utilize the IAS itself as a form of indicator for the condition of the
machine, this typically involves installing a high-frequency encoder [4, 5, 6] in order to reach the required
accuracy of the IAS to be able to detect small faults. Analyzing signals in the angular domain is one of the
main reasons why most condition monitoring procedures include speed estimation.
The two techniques that are compared in this paper are based on phase demodulation of the harmonic or-
ders in the vibration signal. Speed estimation through phase demodulation has proven itself already multi-
ple times in the past to be a fairly reliable way to obtain accurate instantaneous angular speed estimations
[7, 8, 9, 10, 11]. It only requires a single well-excited and speed related harmonic order with preferably no
crossing orders and it is also very easy to implement. Despite its popularity, the possibility to employ more
than one harmonic simultaneously in the demodulation has not yet been investigated. This paper investigates
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the potential advantages of using a multi-harmonic demodulation approach compared to the single harmonic
approach.

2 Methodology

The method proposed in this paper is based on the idea of extending phase demodulation of just a single
harmonic to multiple harmonics. The name of the technique is therefore coined as the Multi-Harmonic
Demodulation method (MHD). The method does require an a-priori rough estimate of the speed (and is
partly inspired by Ref.[10]).

2.1 Multi-harmonic demodulation

To find an expression of the speed that takes into account multiple harmonics, the signal is considered to be
a sum of a set of K complex harmonic signals xk(n) with noise:

x(n) =
K∑

k=1

Ak(n)e
j(αkθ(n)+φk) + νk(n) (1)

with n being the sample number, k the harmonic number,K the total number of harmonics,A the amplitude,
α the harmonic order, φ the constant phase, θ the instantaneous angle of rotation. For one harmonic k this
becomes:

xk(n) = Ak(n)e
j(αkθ(n)+φk) + νk(n) (2)

Calculating the corresponding derivatives ẋk(n) (the notation means a sample of the time derivative) gives:

ẋk(n) = Ȧk(n)e
j(αkθ(n)+φk) +Ak(n)(e

j(αkθ(n)+φk)jαkθ̇(n)) (3)

Multiplying with the conjugate of xk(n) removes the unwanted exponentials:

x∗k(n) = Ak(n)e
−j(αkθ(n)+φk) (4)

ẋk(n)x
∗
k(n) = Ȧk(n)Ak(n) +A2

k(n)jαkθ̇(n)) (5)

Restructuring of the equation to find θ̇(n)):

θ̇(n)) = (
ẋk(n)x

∗
k(n)

αkA
2
k(n)

− Ȧk(n)

αkAk(n)
)j (6)

It can be assumed that usually the rate of amplitude variation Ȧk(n) is quite slow compared to the amplitude
values themselves, therefore the second term within the brackets becomes very small compared to the first
one so Eq.6 can be simplified to:

θ̇(n)) =
={ẋk(n)x∗k(n)}
αk|xk(n)|2

(7)

Eq. 7 can also be obtained by directly taking the imaginary part of Eq. 5.

Doing the same derivation but for all harmonics is not difficult and can be achieved by adding again the
summation over all harmonics K in the signal:

K∑

k=1

xk(n) =

K∑

k=1

Ak(n)e
j(αkθ(n)+φk) + νk(n) (8)
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This results in almost the exact same equation as for one harmonic but simply summed for all harmonics:

θ̇(n)) =

∑K
k=1={ẋk(n)x∗k(n)}∑K

k=1 αk|xk(n)|2
(9)

The advantage of this formulation is to embody several harmonics in the demodulation and, as compared to
classical demodulation based on the analytic signal, to guarantee a finite variance because the denominator
has a low probability of approaching zero. This reduces the need to do an a-posteriori smoothing of the
resulting speed profile (which is often necessary for standard single harmonic demodulation). For a single
harmonic, a band-pass filter is typically defined based on the minimum and maximum expected frequency
of that harmonic. Due to overlapping harmonic content, this approach limits the maximum bandwidth of
such a band-pass filter and thus the maximum amount of speed fluctuation. This can be mitigated by using
a windowed band-pass filtering approach. For the multi-harmonic demodulation method as proposed above,
this overlap issue can be avoided. In practice, the complex harmonic signals xk(n) can be obtained by
complex demodulation using a rough speed estimation. This way the harmonics get shifted towards zero
frequency (DC) and one can employ a simple and more narrow low-pass filter for every harmonic. The
required a-priori rough speed can be obtained in multiple ways that require little input, e.g. using maximum
tracking in the spectrogram. Using the rough speed for the complex demodulation does mean that when
calculating θ̇ as specified in Eq.7, the result is the deviation of the instantaneous frequency of the estimated
speed compared to the rough speed. Another reason to do complex demodulation plus low-pass filtering
prior to using the formula in Eq.7 is because of the differentiation involved. Differentiating filters usually
increase high-frequency noise as can be seen from their transfer function. Close to zero frequency they
have a linear response and the influence of the multiplication with the frequency in the spectral domain is
reduced when combined with low-pass filtering. An example of the transfer function magnitude responses
for four differentiation schemes are shown in Fig.1. In this paper a simple first order difference is employed
since it has the lowest computation time and the produced results do not depend significantly on the type of
differentiation.

Figure 1: Magnitude responses of four differentiators.

2.2 Single harmonic instantaneous phase demodulation

The method that is used for comparison of the MHD method on the experimental data is straightforward
and is based on using an ideal band-pass filter around a well-separated, high SNR harmonic of the rotation
speed. After defining the optimal lower and upper cutoff frequencies for the band-pass filter, the harmonic
is filtered out of the complex spectrum and translated around zero frequency. Next, the complex band-pass
filtered spectrum is inverse Fourier transformed to the time domain. The angle is then unwrapped of the
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complex signal after addition of the demodulation frequency to obtain the instantaneous phase. Finally, the
instantaneous angular speed is estimated based on the phase variation.

3 Experimental application

To illustrate the performance of the proposed multi-harmonic demodulation method, a comparison is made
with the conventional single harmonic demodulation (SHD) method on experimental wind turbine gearbox
vibration data. This data set originates from the diagnosis contest held in light of the International Conference
on Condition Monitoring of Machinery in Non-Stationary Operations (CMMNO) in 2014 [12].

The vibration signal used for this analysis was measured on the gearbox housing of a wind turbine near
the epicyclic gear train and sampled at 20 kHz. The goal was to estimate the IAS of the high-speed shaft
(carrying gear #7 in Fig.2). This estimate was then compared with a reference speed signal measured by an
angle encoder. The length of the measurement was approximately 550 seconds at a sample rate of 5 kHz.
The spectrogram of the measurement can be seen in Fig.3 (generated using a Hanning window of 1 second
and 50% overlap).

Figure 2: Visualization of the wind turbine gearbox used in the CMMNO 2014 diagnosis contest.

Figure 3: Spectrogram of the CMMNO 2014 diagnosis contest data.
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Table 1: Fundamental orders related to high-speed shaft.
Gear pair Order value
1 1
2/3,1/2 1.025459229
4/5 5.316666667
6/7 29
8/9 15.225
10/11 6.619565217

4 Results & Discussion

Since the measured signal is so long and contains strong speed fluctuations, the single harmonic demodu-
lation (SHD) is performed on windowed parts of the vibration signal. The signal is split up into windows
of 20 seconds with an overlap of 50%. The obtained speed profiles of overlapping sections are averaged
together using a weighted average based on a Hanning window with its center in the middle of the window.
This is done to reduce the influence of the end effects associated with using an ideal FFT band-pass filter.
The second harmonic of the high-speed shaft is chosen for the demodulation since it has a high SNR and no
crossing orders. Also other teams in the CMMNO contest chose this harmonic due to the good results they
obtained using it [12]. The second harmonic is also utilized for the rough speed estimation required by the
multi-harmonic demodulation method. A simple maximum tracking is employed in this case. The harmonics
used as input for the multi-harmonic demodulation method (MHD) are based on the fundamental orders that
can be observed in the system and are summarized in Table. 1.

All of the orders in Table. 1 are used as input for the MHD method together with 20 harmonics of each
order (if they are below the Nyquist frequency). Figure 4 shows the resulting profiles of the estimated
speeds together with the provided encoder speed. Small deviations from the encoder can be observed for
the single harmonic demodulation. Figure 5 provides a zoom of the estimated speed profiles between 55
and 90 seconds (illustrated by the black rectangle in Fig. 4). The main observation here is that the MHD
approach is able to accurately track very small speed fluctuations as indicated by the encoder speed. This can
be expected because the MHD allows to take into account higher order harmonics that emphasize those small
speed fluctuations. Figure 6 displays the relative error in percentage of the two estimated speeds compared
to the encoder. The error of the MHD speed is clearly smaller on average as is corroborated by the mean and
median absolute errors shown in Fig. 7.

Figure 4: Speed profiles of single and multi-harmonic demodulation methods compared to the encoder speed.
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Figure 5: Zoom of the estimated speed profiles between 55 and 90 seconds.

Figure 6: Relative error of the estimated speed to the encoder speed.

The results obtained by the single harmonic demodulation method are of course dependent on the window
size used and on the bandwidth setting of the moving band-pass filter. It would also be possible to improve
the result of the SHD method by optimizing the window lengths and bandwidths manually for every signal
part. However, manual optimization is not the focus of this paper nor is it a desirable practice in industry
nowadays. The MHD method on the other hand does not require any windowing or critical choice of a
bandwidth of a band-pass filter. The most important inputs are the harmonic orders to take into account. For
the case presented in this paper, this choice is not that critical since good results are obtained even without
paying close attention to which harmonics are well separated and with a high SNR. It is plausible however
that some data sets might contain low SNR harmonics with crossing orders. Therefore future work will focus
on finding a potential automatic weighting of the different harmonics since currently all the demodulated
harmonics are weighted equally. Such a solution would take away even the possible manual investigation of
the harmonic structure of a vibration signal in order to define a set of harmonics to demodulate. It would
also broaden again the automated application of the MHD method, due to the fact that then only design
information of the gearbox would be required, which a manufacturer naturally possesses.
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Figure 7: Mean and median absolute errors of the single and multi-harmonic demodulation estimated speeds.

5 Conclusion

This paper proposes a novel vibration-based speed estimation method based on the demodulation of multiple
harmonics as compared to the conventional way of only utilizing a single harmonic. The multi-harmonic
demodulation (MHD) method is used after an a-priori rough speed estimation and takes a set of speed-
related harmonic orders as input. Taking into account multiple harmonics increases the robustness and the
accuracy of the speed estimation at the same time, since the result is a type of average of the demodulation
of multiple harmonics. Lower order harmonics often have a good signal-to-noise ratio but are not sensitive
enough for small speed fluctuations, while the opposite is often true for the higher order harmonics. Another
major advantage of the MHD method compared to the single harmonic demodulation (SHD) method is the
finite variance of the resulting estimated speed. This reduces the need to do an a posteriori smoothing of the
resulting speed profile. The performance of the method is validated on experimental wind turbine gearbox
vibration data originating from the CMMNO 2014 contest. The results clearly indicate the improvement in
speed estimation accuracy. The average errors have decreased by a factor of three approximately, without
the need for windowing the signal. Since the MHD method relies on the input set of harmonics, the method
could be adapted such that it uses a particular set of harmonics based on the operating regime the system is in.
Another approach that will be investigated in future work is the automatic calculation of optimized weights
per harmonic order. This would allow for easy integration in an automated processing scheme which is often
required or at least desirable in industrial applications.
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